ABSTRACT

Caisley, Lena Louise. Nitrogen Fertilization Effects on Soil pH and Calcium Fertilization on
Growth and Form of Loblolly Pine. (Under the direction of Dr. Rachel L. Cook).

Loblolly pine (Pinus taeda) is the most important commercially grown pine species in the
southeastern United States. Decades have been spent researching different silviculture practices
to optimize growth of loblolly pine. The most important practice employed in the management of
loblolly pine is fertilization. Nitrogen (N) and Phosphorus (P) are two most common growth-
limiting factors of loblolly pine. Little research has been conducted to determine the
consequences of long-term fertilization on forest soils.

Soil is a nonrenewable resource; due to the thousands of years it takes to form. Protecting
and caring for the soil is a vital step in optimizing growth of all plants. Many N fertilizers acidify
the soil, lowering soil pH, which influences many soil factors including nutrient availability.
While loblolly pine is adapted to grow in a pH range of 4.5-6, lower than most agronomic crops,
little is known about the effects of long-term acidification due to increased nutrient inputs.

Agronomic crops, such as corn, are fertilized annually with N as well but to counteract
the acidifying effects of N, calcium fertilizer (Ca) in the form of calcium carbonate (lime) is also
applied to raise the pH. In South America, it is common practice to apply agricultural lime to a
harvested loblolly stand before the next rotation is established to raise soil pH and ensure good
nutrient availability, however Ca fertilization is not common practice in the southeastern US on
loblolly pine stands. In addition to controlling pH, Ca in lime is an important nutrient, as it
reinforces the structure of cell walls and is vital to the formation of wood. Imbalances of Ca with
other nutrients may lead to deformities such as stem sinuosity.

To address these issues, we examined loblolly pine stands with juvenile fertilization

treatments at sites located throughout the southeastern US to examine the effects of increasing



rates of N application on soil pH across a variety of different soil textures and drainage classes.
Another study was established to examine the effects on growth response and stem sinuosity
with the addition Ca fertilization on loblolly pines grown on deep organic soils where stem
deformity is common.

Finer textured soils showed soil pH was lowered significantly down to a meter by greater
rates of urea fertilizer. Coarser textured soils did not show significant soil acidification. Poorly
and well-drained stands both experienced soil acidification down to 30 cm, but poorly drained
stands had soil pH lowered down to a meter. Base saturation was lowered by the two highest N
treatments, but CEC of the soil remained unaltered. No adverse growth affects were detected at
lower pH levels. It is not yet known how these results will translate to the next rotation of
loblolly pine but decreased base saturation of the soil may indicate future problems.

Loblolly pines do not require N additions when grown in organic soil, as organic soils have an
abundance of N already. Effects of Ca fertilization on organic soils are not well documented, but
that is about to change. Three-year results have shown that Ca fertilizer on loblolly pines on
organic soil increases growth response in diameter and volume and shows an improvement in
sinuosity. There has been some genetic interaction with the treatments in regard to height, DBH
and volume. We hypothesize that our initial treatments of 400 kg ha™* Ca as Calciprill, and both
800 kg ha* Ca as Calciprill and dolomitic limestone were too small to see a large treatment
effect. Hurricane damage likely contributed to differing results from the two field sites, except
for height to live crown and sinuosity ratings which were similar. To continue and expand the

study, three new sites were established that will continue into the future.
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CHAPTER 1
Nitrogen Fertilization Effects on Soil pH in Loblolly Pine Stands
Introduction

Loblolly pine (Pinus taeda L.) is grown in the southeastern United States, across many
different soil types and terrains, and is one of the most economically important trees in the world
today. Demand for loblolly pine is projected to grow 30-40% with increasing population, while
production is anticipated to continue to shift away from privately owned natural forests to
corporately owned pine plantations (Allen et al. 2005). Products from loblolly pine include
pulpwood, plywood, solid wood, poles and a wide range of other different products. To meet the
demand for wood products, private sector companies and landowners grow loblolly pines
commercially in plantations and heavily manage the stands to achieve optimal growth (Fox et al.
2007a). Loblolly pine stands are first thinned around fifteen years old and harvested around
twenty-five to thirty years.

Nitrogen (N) is an essential nutrient and most often limiting to all major processes and
development of plants. In loblolly pine in the southeastern US, nitrogen is typically the most
limiting factor, followed by phosphorus (P). P fertilization commonly occurs at or shortly after
stand establishment. N+P fertilization of loblolly pine stands generally occurs at mid- rotation
(Fox et al. 2007a). Fertilization of loblolly pine stands has been common practice in the
southeastern US since 1999 (Albaugh et al. 2007). Fertilization of a stand can move stands from
low quality timber products (chip and saw) to higher valued timber products such as saw timber,
much faster than stand that had not been fertilized (Albaugh et al. 2019). Out of all silviculture
tools, fertilization has the greatest effect on loblolly pine growth shortening rotation lengths

(Carlson et al. 2008).



Loblolly pine fertilized with N photosynthesize more than untreated trees (Gough et al.,
2004) and have greater leaf area index (LAI) (Albaugh et al., 1998). Loblolly pine generally
responds to N+P in diameter height and overall volume growth (Carlson et al. 2013). However,
growth response to N fertilization is relatively short lived (approximately 8 years), while the
response to P fertilization is persistent for many years post fertilization (Fox et al. 2007b).

Urea (CO(NHz2)2) is the most commonly used source of nitrogen fertilizer in forest
plantations (Albaugh et al. 2019) and has less acidifying potential than other N fertilizers such as
monoammonium phosphate and ammonium sulfate (Adams 1984). Before the plant can take up
the nitrogen from the urea fertilizer it is first hydrolyzed to ammonia (NHs), then reacts with soil
water to form ammonium (NH4"). As soil microorganisms transform ammonia to nitrate (NO3z’),
ions hydrogen (H") are released. This process causes acidification of the soil when the N inputs
are greater than the ability of the soil microorganisms and organic matter to buffer the acid cation
(Barak et al. 1997). At lower pH levels, microorganisms, such as ectomycorrhizal fungi which
are important for nutrient acquisition for loblolly pine may have their activity reduced (Zhao et
al. 2011).

Loblolly pine typically grows well in soil pH ranging from 4.5 to 6, which is considered
to be very strongly to moderately acidic (USDA NRCS 1998). However, as fertilization of
plantation pine has become more commonplace, soil acidification has the potential to lead to
nutrient limitations. Many plant macronutrients are known to be less available at lower pH’s in
agronomic crops, though nutrient availability and pH are less well understood in loblolly pine.
Besides nutrient availability, nutrient limitations may also arise from lowering the cation
exchange capacity (CEC) of the soil in clay mineralogies with pH-dependent charge or by

decreasing soil microbial activity (Dai et al. 1998; Thomson et al. 1996).



Keeping soil pH at optimum levels for a given crop allows soil nutrients to be more
readily available for plant consumption (Fernandez and Hoeft, 2009). It is not common practice
in the southeastern United States to lime loblolly pine stands to increase soil pH. Calcium
fertilizer, such as lime, raises the pH of soil because it contains anion carbonate (CO3%) (Helyar
and Anderson, 1974). However, liming loblolly pine stands is common practice in South
America. Rotation, planting to harvest, in the southern US is commonly twenty-five years, where
in South America it can be as short as sixteen years to complete a rotation. Many researchers
have expressed concerns regarding nutrient depletion in the soil from consecutive loblolly pine
plantings and the repercussions this may have to sustainable forest production if nutrients are not
replaced (Albaugh et al. 2007, Fox et al. 2007a, Vogel and Jokela 2011). After three successive
stand rotations of loblolly pine, calcium (Ca) availability was reduced to 32 inches deep
(Gatiboni et al. 2020). Ca content can affect canopy robustness, leaf form, quality of wood and
height (Littke and Zabowski 2007).

In this study, we examine the impact of repeated N and P fertilization on soil pH across a
variety of soils in the southeastern US. Our main objectives are to: (i) determine if frequency of
fertilizer application affects changes in soil pH where cumulative rates are similar, (ii), determine
if soil pH is significantly lowered on an incremental basis to a one meter depth as cumulative
rates of N increase , (iii) evaluate if soil texture or drainage class influence changes in pH with
increasing rates of fertilization, and (iv) determine if growth response of the trees is negatively
impacted by decreasing soil pH, and (v) evaluate how changes in soil pH affect base saturation
and cation exchange capacity. We hypothesize that the more often a site is fertilized the soil will
become more acidic. We hypothesize that coarse textured soil pH will be impacted more than

fine textured soil due to lower buffering capacity. We also hypothesize that poorly drained soil



pH will be impacted to a lesser degree than well-drained soils as poorly drained soils are less

prone to leaching.

Methods and Materials
Study Sites

The study was established in operational loblolly pine plantations between the years 1998
and 2003 across seven different southeastern states of the United States (Figure 1.1). Ages of the
trees at study establishment ranged from two to six years old. Sites were selected to comprise a
wide range of different soil textures, from clayey to sandy and different drainage classes, poorly
drained to extremely well drained (Table 1.1). Initial stocking of the fifteen stands used in the

study fell between 1, 248 to 2,246 trees per hectare.
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Figure 1.1. Map of study site locations across southeastern US with study site
codes.



Table 1.1. Site codes, locations, establishment year, age at establishment, FPC soil code, profile
texture, drainage class and treatment replication.

FPC
Soil
Code

Site

Code

Location

Est.

Year

Profile

Texture

Drainage

Class

Treatment
Replication

1502 Floyd, GA 2001 A Clayey Well

4501 | Marengo, AL | 2000 A Clayey Well

2401 | Nassau, FL | 1999 A Clayey Poorly

601 Brunswick, | 1999 B Fine Well

VA Loamy

2201 | Wilkes, GA | 2000 B Fine Well
Loamy

1201 Coosa, AL 2002 B Fine Well
Loamy

1101 | Berkeley, SC | 1999 B Fine Poorly
Loamy

4801 | Newton, TX | 2000 B Fine Poorly
Loamy

3901 | Marengo, AL | 2001 © Coarse | Moderately
Loamy Well

4401 | Bradley, AR | 2001 C Coarse Well
Loamy

4201 | Brantley, GA | 1998 D Spodic Poorly

4202 | Brantley, GA | 1998 D Spodic Poorly

5201 = Montgomery, | 2003 E Silty Extremely

AL Well

5302 Dixie, FL 2003 F Deep Poorly
Subsoil

101 | Kershaw, SC | 2000 G Sandy Well

5



Table 1.2. Study sites grouped by texture class and drainage class.

Soil Drainage and Texture Clayey Coarse Silty Sandy

Loam
Poorly 2401 (FL) 4201 (GA)
1101 (SC) 4202 (GA)
4801 (TX) 5302 (FL)

Well 601 (VA) 3901 (AL) 5201 (NC) 101 (SC)
1502 (GA) 4401 (AR)
4501 (AL)
2201 (GA)
1201 (AL)

Experimental Design

The experimental design used in this study was a randomized complete block design. The
sites carried two or four replications of each treatment. Plot sizes varied with stand density but
had to include sixty measurement trees covering approximately 0.045 hectares. Measurement
plots were either 4 rows x 15 trees/row or 6 rows x 10 trees/row. The measurement plot was
enclosed within a treatment plot. Most plot dimensions included a treatment plot that measured
35 x 35 meters with an internal measurement plot of 20 x 20 meters.

Nitrogen (N) and Phosphorus (P) were added as urea (46% elemental nitrogen) and
diammonium phosphate (18% elemental N, 20% elemental P). Each treatment received
phosphorus at a rate of 10% of the N rate. The amount of N in the diammonium phosphate was
included in cumulative amount of N applied.

This study included six different treatments, one control and five fertilized treatments
(Table 3). The control treatment received 0 kg ha N and 0 kg ha® of P over the course of twelve
years. Treatments were fertilized once every two years at 66 or 200 kg ha™* or four years at rates
of 133, 200, or 266 kg ha® N for final cumulative applications of 0, 400 (applied every two or

four years), 600, 800, and 1200 kg ha™* N. Material was broadcast by hand or with a hand crank



seeder over each plot. Operational vegetation control was used across all plots with chemical

appropriate for the vegetation at each site.

Table 1.3. Amount of nitrogen fertilizer applied over twelve years, frequency of treatment, and
amount applied per fertilization.

Total N Applied over 12 Treatment Frequency Amount Applied Each
years (Years) Fertilization
(kg ha'N) (kg ha'tN)
0 0 0
400 2 66
1200 2 200
400 4 133
600 4 200
800 4 266

Volume Growth Measurement

Volume growth was calculated at plot level. Tree height and diameter at breast height
(DBH) measurements were taken for every tree in the measurement plots. Tree height was
measured with a hypsometer and DBH was measured at 1.3 meters off the ground with a DBH
tape. Volumes were calculated on a per tree basis (Tasissa et al. 1997). The volume of each tree
was then summed to get total volume growth of the plot and then converted to a per ha basis.
Total volume growth was then divided by 12 years to determine annual average volume growth.
Soil Sampling

Soil samples down to one meter in depth were collected twelve years after study
initiation. Surface mineral soil was sampled randomly at five different locations in the
measurement plot with a soil auger (6 cm diameter). These samples were broken down into two
depth increments: 0-15 cm and 15-30 cm. Additionally a sixth random location within the
measurement plot was selected and with the same soil auger, a soil sample was taken from each

of the following depths: 0-15 cm, 15-30 cm, 30-50 cm, 50-75 cm, and 75-100 cm.



The mineral soil samples were air-dried at room temperature for one month. Dried
samples were then ground using a mortar and pestle. Ground soil was then passed through a 0.02
mm sieve; coarse fragments larger than 0.02 mm were rejected and not used in the soil analysis.
Physical and Chemical Analysis

Using the hydrometer method, particle size (% clay, silt and clay) was determined and
then soil texture class was assigned (Ashworth et al. 2001). Soil pH was determined by the
Virginia Tech Soil Testing Lab for 13 of the 15 sites. Two of the study sites soil pH was
determined in the NC State Forest Productivity Cooperative Soil Lab. All soil pH was
determined using a combination glass electrode in a 1:1 soil/water by volume solution (Thomas
1996).

Statistics

A mixed model was used to examine the fixed effects in this study including: frequency
of treatment, amount of N + P fertilizer applied for groups of soil texture and drainage classes,
respectively, by soil depth increment. Data from different sampling depths were not analyzed
against one another to find statistical differences between depth groups. Study site was treated as
a random effect. Soil pH differences among treatments were tested using the Tukey’s separation
of means at an alpha level of 0.05. Linear, quadratic, and exponential regressions models were
run for volume versus 0-15 cm soil pH, and base saturation versus soil pH. Regressions with the
best R? values were selected. Base saturation versus soil pH analysis was modeled at a soil
texture group level, with all depths analyzed together. Exponential regressions were modeled on
Clayey, Coarse Loamy, and Sandy soil texture groups, and linear regression on Silty texture
group. All statistics were performed with JIMP (JMP, Version 15. SAS Institute Inc., Cary, NC,

1989-2021).



Results
Frequency of treatment

Two treatments of the study ended the twelve years with both receiving a total of 400 kg
hat N to test for the effect of frequency (Table 1.3). The effect of frequency of application
(every two years or four years) was not statistically significant (p = 0.977; Figure 1.2). The two
treatments were statistically similar in every soil group and every individual study site.
Frequency of treatment plays no role in lowering soil pH in conjunction with nitrogen fertilizer.
For the rest of the statistical analysis the two 400 kg ha™* N treatments are lumped together as one

treatment.
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m. 400 kg hat N - treatment frequency of 2 m 400 kg ha N - treatment frequency of 4 years

Figure 1.2. Both 400 kg ha* N treatments mean soil pH from all sites at each soil sampling
depth. Red bars represent treatment frequency of every two years and gray bars represent
treatment frequency of every four years. Error bars represent stand error of the model. No
significant differences were found at a p = 0.05 significance level
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All Site Comparison

When all the study sites were analyzed together, the results were statistically significant
at four of the five depths. At depth 0-15 cm, all the treatments were significantly lower than the
control (p < 0.0001). At soil depths 15-30 cm, treatments 600 kg ha™* N, 800 kg ha* N and 1200
kg ha’ N soil pH was significantly lower than the control (p < 0.0001). At depths 30-50 cm (p <
0.0001), 50-75 cm (p = 0.0013) and 75-100 cm (p = 0.0001) treatment 1200 kg ha™* N soil pH

was more acidic than the control (Figure 1.3).
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Soil pH

0-15cm 15-30 cm 30-50 cm 50-75 cm 75-100 cm
Depth

= Okgha'N 400kghal!N ® 600kghal!N ® 800kghalN m 1200 kg halN

Figure 1.3. Soil pH of all treatments for all sites together at depths were collected at. Error bars

represent standard error of the model. Treatments that have similar letter are not significantly
different at p = 0.05 significance level.
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Soil Texture

Soil texture group clayey showed significance decreases in soil pH due to increasing
nitrogen rate at all profile increments down to one meter (Figure 1.4). Soil pH was lower in all
the treatments than the control at 0-15 cm (p < 0.0001). At 15-30 cm (p < 0.0001) soil depth, 800
(pH = 4.76) and 1200 kg ha™* N treatments (pH = 4.64) were lower than the control (pH = 5.06).
At 30-50cm (p <0.0001) and 50-75 cm (p = 0.0002) soil depth, 800 and 1200 kg ha* N
treatments had soil pH lower than the control. The 1200 kg ha* N treatment (pH = 4.78) had a
lower pH than the control (pH = 5.18) at 75-100 cm (p = 0.0009) while other treatments fell in
between.

Soil texture group Coarse Loamy group soil pH was not impacted by nitrogen
fertilization (Figure 1.5). In soil texture group Silty, treatments 400 and 1200 kg ha™* N soil pH
was significantly lower than from the control at depth 0-15 cm (p = 0.0144). Treatment 1200 kg
ha N soil pH, at depth 15-30 cm, is different from not just the control, but all of the other
treatments as well (p = 0.0026) (Figure 1.6). Soil texture group Sandy, at depth 0-15 cm, showed
that the higher N rates 800 and 1200 kg ha* N soil pH were significantly lowered compared to
the control (p = 0.0222). At soil depth 30-50 cm, the two largest treatments soil pHs were
different from one another as treatment 800 kg ha™* N soil pH (pH =5.23) was higher than
treatment 1200 kg ha™* N soil pH (pH = 4.77) , but comparable to the remaining treatments (p =

0.0451; Figure 1.7).



Soil pH

Figure 1.4. Soil texture group Clayey mean soil pH of treatments by depth soil sample was
collected. Eight sites make up clayey texture group. Error bars represent standard error of the
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Figure 1.5. Soil texture group Coarse Loamy mean soil pH of treatments by depth soil sample

was collected. Five sites make up coarse loamy texture group. Error bars represent standard error
of the model. No significant differences were observed at p = 0.05 significance level.
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soil pH
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Depth

1 -
m Okgha'N w 400kgha N ® goopepa'N M S00kgha'N B 1200k ma'N

Figure 1.6. Soil texture group Silty mean soil pH of treatments by depth soil sample was
collected. One site made up texture group silty. Error bars represent standard error of the model.
Treatments that have similar letter, or groups with no letters, are not significantly different at p =
0.05 significance level.
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0-13 cm 13-30 em 30-30 cm 30-Tiem 73-100 em
Depth
m Okgha!N 400kgha!N W 600kghal!N M 300kgha!N W 1200kgha'N

Figure 1.7. Soil texture group Sandy mean soil pH of treatments by depth soil sample was
collected. One site made up texture group sandy. Error bars represent standard error of the
model. Treatments that have similar letter, or groups with no letters, are not significantly
different at p = 0.05 significance level.
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Soil Drainage Class

There was a significant interaction between drainage class and nitrogen fertilization in
lowering soil pH. Soil pH was affected in more soil depths by nitrogen fertilization in poorly
drained sites than well-drained soils (Figure 1.8 and 1.9). In the poorly drained sites at the 0-15
and 15-30 cm depths, all treatments were significantly lowered soil pH compared to the control
(p < 0.0001) (Figure 1.8). Treatments 800 (pH = 4.45) and 1200 kg ha* N (pH = 4.3) reported
significantly lower soil pH when compared to the control soil pH (pH = 4.73) at depths 30-50 cm
(p = 0.0002). At depth 50-75cm treatments 800 and 1200 kg ha* N soil pH were the same at
4.51 and significantly lower than the control at 4.82 (p = 0.008). At 75-100 cm soil depth all
treatments were significantly lower than the control again (p = 0.0003).

Drainage class group well also reported soil pH significantly influenced by nitrogen
fertilization, at depths 0-15 cm (p < 0.0001), 15-30 cm (p = 0.0401), and 30-50 cm (p = 0.0041)
(Figure 1.9). The 800 (pH = 4.58) and 1200 kg ha* N (pH = 4.42) treatments soil pH was
significantly lower than the control (pH = 4.89). The 800 kg ha* N (pH = 4.58) treatment soil pH
was comparable to 400 (pH = 4.74) and 600 kg ha* N (pH = 4.7) treatments soil pH at 0-15 cm.
At depth 15-30 cm, treatment 1200 kg ha™ N significantly lowered soil pH to where it was not
comparable to the control soil pH (p = 0.0401). At 30-50 cm soil depth the 1200 kg ha N (pH =

4.71) treatment was significantly lower than the control (pH = 4.99) (p = 0.0041).
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0-15cm 15-30 cm 30-50 cm 50-75 cm 75-100 cm
Depth
_ _ -1 -
m Okgha'N 400kaha N w 600kgha N gookgha'N m 1200kgha'N

Figure 1.8. Soil drainage group Poorly Drained mean soil pH of treatments by depth soil sample
was collected. Error bars represent standard error of the model. Treatments that have similar
letter, or groups with no letters, are not significantly different at p = 0.05 significance level.
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Soil pH

0-15cm

15-30 cm 30-50 cm 50-75 cm

75-100 cm
Depth
® OkghatN

400 kg haN = 600 kg ha'N m 800 kg ha'N B 1200 kg ha' N
Figure 1.9. Soil drainage group Well Drained mean soil pH of treatments by depth soil sample

was collected. Error bars represent standard error of the model. Treatments that have similar
letter, or groups with no letters, are not significantly different at p = 0.05 significant.

Base Saturation and Cation Exchange Capacity

Base saturation was significantly lower than the control in treatments 800 kg ha®* N and
1200 kg ha* N (Figure 1.10) (p < 0.0001). Base saturation for the 600 kg ha* N treatment was

similar to the 800 and 1200 kg ha™* N, but not different from the control or 400 kg ha* N
treatment.

Base saturation increased exponentially with increasing soil pH in the soil texture Clayey,

Coarse Loamy, and Sandy groups (Figures 1.11, 1.12, and 1.14). Comparison of R? values

showed exponential relationships fit the data better than linear regressions. Base saturation

18
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increased linearly with increasing soil pH in the soil texture group Silty (Figure 1.13). The R?

value showed linear relationship matched the best. Cation exchange capacity showed no change
with increasing rates of nitrogen fertilization across all study sites or at any depth (Figure 1.15).

Mean CEC was greater for texture group clayey than for texture group coarse loamy (Figure
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Figure 1.10. Average % base saturation for treatments from all sites and at all depths

combined. Letters with similar letters were not significantly different from one another
atp =0.05.
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Figure 1.11. Base saturation (%) versus soil pH from texture group Clayey with quadratic
formula trend line.
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Figure 1.13. Base saturation (%) versus soil pH from texture group Silty with linear
formula trend line.
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formula trend line.
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Cation Exchange Capacity
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Figure 1.15. Cation exchange capacity of treatments from all sites and all sampling depths.
Treatments that have similar letter, or groups with no letters, are not significantly different at
p = 0.05 significance level.
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Figure 1.16. Mean cation exchange capacity from all depths of texture groups clayey and coarse
loamy. Significantly different from one another at p = 0.0219.



Average annual volume growth vs. soil pH
No relationship was detected between average annual volume growth over the 12-year

study period and 0-15 cm soil pH (Figure 1.17).
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Figure 1.17. Average volume growth (m® ha*) over 12-year study period versus 0-15 cm
soil pH from all sites and of all treatments. Differences between treatments not found at
a p = 0.05 significance level.
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Discussion
Frequency of Treatment

The frequency of treatment, fertilization every two years versus every four years, had no
effect on lowering soil pH, which leads us to reject our first hypothesis. This result contrasts with
a study on Douglas-fir trees, where urea was applied in three different dosages, annually or every
five years. Similar to this study, Tschaplinkshi et al. (1991) found in a sycamore stand that
quarterly and annual urea applications did result in lower soil pH than the control, but not from
each other (Tschaplinkshi et al. 1991). Only few studies have investigated the effects of different
frequencies of N fertilization on forest soils, and conclusions vary on whether fertilizations that
are more frequent acidify the soil more than less frequent fertilizations. On the other hand, many
of these studies do agree that more frequent fertilization leads to increased leaching

(Tschaplinkshi et al. 1991, McNulty and Aber 1993, Johnson and Todd 1988).

All Data Together

When all the data was compiled together, soil pH was affected by the larger treatments
down to a meter. This indicates that a portion of the N fertilizer that was not utilized by the plant
was leached downward through the soil profile. Bouman et al (1995) found increased N content
of the soil from their larger treatment plots over their control plots down to 1.5 meters after nine
years of annual fertilization.

Little acidification occurs when the amount of the N fertilizer applied is matched to the N
requirement of the plant (Bouman et al. 1995) because when NOs is taken up by plants, anions
are released to the soil, compensating the acidity generated by the fertilizer. Treatments 400 and

600 kg ha® N in texture group clayey have soil pH that are similar to the control treatment soil
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pH from 30 cm down to a meter, indicating they are good matches for loblolly pine N
requirements as acidification only occurred at the very top of the soil profile. Treatment 800 kg
hat N did acidify the soil noticeably from the control in the top layers of the soil profile, which
would indicate that this treatment is more than loblolly pine N requirements. Treatment 1200 kg
hat N is excessive, as it was determined that the most efficient amount of N to apply was 400 kg
hat N (Albaugh et al. 2015), the N not utilized by the plant stayed in the soil and acidified the

soil probably past the meter mark.

Soil Texture

Nitrogen fertilizer and soil texture had an effect on lowering soil pH. Our hypothesis was
supported that soil pH would be affected by different soil textures, but not supported by which
would have soil pH lowered to a greater degree. We expected that more coarse textured soils
would be greatly affected by fertilization, instead of finer textured soils. Coarser textured soils
are generally less buffered than soils of fine textured soils, except for kaolinite clay soils, which
is the primary clay mineral in the southeastern US, where our study is located throughout
(Weaver et al. 2004).

Another explanation of why clay soil had soil pH lowered and not coarse loamy is the
difference between the two groups CEC. In fine-textured soils, excessive N is converted to
nitrate (NO3), and the resulting H are attracted to the CEC of the soil when the excess NOs is
leached past the rooting zone. Excessive N is also converted to nitrate in more coarse textured
soils but due to a lower CEC, H does not accumulate as much as in finer textured soils. Coarser
textured soils, due to lower CEC as well, are more prone to increased ammonia (NHs) loss

(Ohnemus et al. 2021). Nitrogen fertilization rate recommendations to achieve optimal growth of
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annual crops takes into consideration the soil texture of the field. If the field is of a coarse texture
than finer texture, a higher N rate is recommended to compensate for N that will be leached out
or lost to the conversion of NHz (Alotaibi et al. 2018 and Cambouris et al. 2016). Hansen and
Djurhuus (1996) found that more leaching accord on coarser soils when there was less
vegetation, a “catch crop”, was not present. As all of our plots had operational weed control, i.e.
the understory was present but not overrunning the trees; it would not be surprising if this led to
a decrease in leaching past the rooting zone in the coarse loamy group.

Our clayey soil texture group had significant results down to one meter. For soil fertility
tests, the recommendation is to soil sample just to 7 cm (Reeves and Liebig 2016). Acidity is
most profound in the top few centimeters, this held true for our study as well with all 0-15 cm
soil pH being the lowest. Management decisions for fertilization should be based off the top few
centimeters of soil, because that is where plants intercept most of their nutrients (Reeves and
Liebig 2016). Miller et al (2006) found that loblolly pine stands that had more competition
tended to have more coarse-root biomass in the top 30 cm of soil, while trees that had very little
competition had an even vertical distribution of roots, but in both situations 90% of roots
occupied the top 50 cm of soil. On the other hand, after soil has been through intensive
management, i.e. multiple fertilizations and logging, it is important to know how the soil has
been altered (Slesak 2013). Most studies only soil sample to 30 cm or so, if that had been done in
this study we would never have known the impact treatment 1200 kg ha™* N had on soil pH of
clayey soils. Effects of that treatment are still felt down to a meter, which strengthens the
argument Slesak (2013) makes for more intensive soil sampling post-intensive management.

Though coarser textured soils require more N fertilizer to achieve optimal growth than

clayey soils (Alotaibi et al. 2018 and Cambouris et al. 2016), they require less liming to readjust
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soil pH. Clayey soils require more lime fertilizer to raise pH, due to higher CEC (Delin 2005).

Finer textured soils have an inherent ability to hold on to nutrients and additives much more than
coarser soils. It is therefore logical to think that finer textured soils would “reap” the benefits or

repercussions of a treatment more than a coarser soil.

Soil Drainage

Our hypothesis that poorly drained soil pH would be impacted to a lesser degree by N
fertilization than well drained soils was rejected. In general, poorly drained soils had pH lowered
to a greater depth than more well drained sites of similar textures. Poorly drained soils are less
prone to leaching, which means the N fertilizer is in the soil system longer and has more time to
acidify the soil (Fernandez et al. 2017). Nitrate moves through soil at the same velocity as water,
if not taken up by plants (Kookana and White 1998). If the water is not moving from the site and
there is little oxygen in the soil the process of denitrification can occur, converting NO3 to a gas
lost to the atmosphere (Hofstra and Bouwman 2005).

The first step in the Fuzzy Theory, decision support system for N fertilization, is
determining the mineralization potential of a site (Papadopoulos et al. 2011). To determine
mineralization potential the sites soil pH, clay content, soil temperature and drainage class are
evaluated. Soil drainage is closely linked to N mineralization, but does increased mineralization
lead to increased plant uptake? In two soils of the same texture, sandy loam, Kopp and Guillard
(2002) found that the poorly drained site had better N mineralization than the well-drained site,
but found no additional plant uptake at the poorly drained site over the well-drained site.
Fernandez et al. (2017) found no growth differences between fertilized drained and undrained

sites. On the other hand, another study found that during dry years poorly drained sites had better
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plant uptake than well drained sites, but during wet years both sites had similar plant uptake

(Welegedara et al. 2020).

Base Saturation and CEC

Base saturation (BS) and cation exchange capacity (CEC) are closely tied and dependent
on soil pH. As soil pH decreases, one would expect BS and CEC to decline as well. In this study,
BS diminished as soil pH levels fell. In a study on the forest floor of Douglas fir, repeated urea
applications did not result in diminished soil pH or BS in the O horizon of the fertilized plots
compared to the unfertilized plots (Prietzel et al. 2004).

In our results, we see that CEC among the different treatments does not vary enough to
be deemed significantly different from one another. We anticipated the CEC to decline with the
greater additions of N. Another study found that soil pH and base saturation was decreased more
from the control as urea fertilizer rates increased, but saw the CEC increase more as fertilization
rate grew, most likely due to increased soil organic matter (Cakmak et al. 2010). Though no
differences could be found between treatments at any depths, it does appear that CEC of the soil
is trending upwards with increasing rates of N in this study. This is likely due to increased soil
organic matter as N increases LAI of loblolly pine (Albaugh et al. 1998). Fox et al. (2007b)
found CEC was lowered in the annual application treatments but not when fertilization was
spaced out over the years. Since trees are not fertilized annually, just two or three times over the
entire rotation, lowering CEC does not appear to be a great risk in fertilization of loblolly pine
stands. Instead it appears that CEC may increase with N fertilization, due to increased foliage

production, which leads to more soil organic matter which increases CEC of the soil.
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Volume Growth and Soil pH

Even with the soil pH lowered significantly with increasing rates of fertilization, the
average annual growth rate was not negatively impacted during the duration of this study.
Growth of the trees was increased with the addition of N up to 400 kg ha N (RW18 study
paper), but lowering soil pH did not have an adverse effect on the growth of the trees. This result
is not surprising, since loblolly pine is known for growing well on acidic soil (4.5 — 6) (Schultz
1997). The majority of commercially grown tree species live in an array of soil pH levels as long
as there is a proper balance of essential nutrients (N and P) available (Londo et al. 2006).

This indicates that there is not a link between loblolly growth and a required specific soil
pH level for growth as there is for annual rotation crops. N applications are necessary for almost
all agronomic, non-nitrogen fixing, crops to sustain productivity (Fageria and Baligar 2005) and
have been well connected to decreasing soil pH (Rifai et al. 2010). Lime applications have been
used for decades to maintain soil pH at optimum levels, and when used to balance N fertilizer
applications have shown no evidence of declining productivity from long-term N fertilizer use on
agronomic crops (Bundy et al. 2011).

Only a handful of people have done liming studies concerning loblolly pine in the US. In
a study done at the Hofmann Forest on the coast of North Carolina in the 1970s, it was found that
a treatment of limestone and P fertilization increased height growth. The soil pH of this treatment
raised to 4.1 from 3.5 soil pH of the control; the highest yield was achieved by the lime and P
treatment (MacCarthy and Davey 1976). On the coastal plain of Virginia a second study with N
included in the lime and P treatment showed that the P + N + lime treatment greatly out

preformed the control, P, and P +N treatments in height, DBH, and total volume. Stumpage
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value for the P + N + lime treatment was $4,896/ac whereas the other treatments stumpage

values ranged from $3,960/ac to $4,045/ac (Kyle et al. 2005).

Limitations and future directions

The biggest limitation of this study was the imbalance of soil texture groups and drainage
classes among the study sites. Others soil sampled multiple times throughout their study’s time
span, recorded rainfall and soil temperature. In an ideal scenario, soil samples would have been
collected one month, six months and then every year after fertilization, along with addition of
more sites. Collecting rainfall data, along with soil temperature data would have allowed for
more in depth analysis of the current data. N transformations in the soil are heavily influenced by
moisture and temperature (Fernandez et al. 2017).

Having more study sites that were silty and sandy in texture would help make results
from the two we did have more clear and reliable. Flint et al. (2008) found urea fertilization on
Douglas-fir, did lower the soil pH of very coarse gravelly soil down to a meter and found that
2% of applied fertilizer was leached down past 100 cm in the soil after one year (Flint et al.
2008). At the sandy group site in this study, soil pH was lowered in the first measurement of 0-
15 cm; if more data had been available maybe, our results would be similar to those of Flint.

Five years after N fertilization, no differences detected between fertilized versus non-
fertilized plots on total or available N contents of the soil in a grand fir stand (Tiedemann et al.
1998). A study conducted fifteen years post N fertilization of Scots pine and Norway spruce
stands found that the N + lime fertilized plots had a higher pH than that of the control (Saarsalmi

et al. 2009). It is unclear if soil pH will be restored naturally to pre-fertilization levels years after
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N fertilization took place, or if lime additions are the only way to counteract the acidification of
the soil.

Future studies will include a P carryover project of these sampled plots so soil pH can be
reanalyzed to determine more longer-termed effects of N fertilization on soil pH and if there are

any negative growth effects associated with acidification of the soil.

Conclusion

No interaction was detected between frequency of treatment and nitrogen fertilization in
lowering soil pH, and other studies found more leaching when treatment frequency is increased.
A significant interaction between texture and nitrogen fertilization in lowering soil pH, where
finer textured soils pH was lowered from the control by the larger treatments down to a meter.
Coarser textured soil pH was unaltered by increasing urea fertilization treatments. A relationship
between drainage class and nitrogen fertilizer in lowering soil pH also exists, well and poorly
drained soils experienced soil acidification down to 30 cm by the larger treatments. Additionally,
the poorly drained soils experienced soil acidification down to a meter. As soil pH lowered, so
did base saturation, but CEC remained unaltered. Lowering soil pH did not have an effect on
curbing average volume growth. Even though average volume growth was not impacted this
growth rotation, the lowering of base saturation may indicate growth problems for future

rotations.
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Chapter 2: The Macronutrient Calcium and its effects on Loblolly Pine (Pinus taeda)
Growth and Stem Sinuosity in Organic Soil
Introduction

Loblolly pine (Pinus taeda) is one of the most economically important trees in the world
today and demand for loblolly pine products is projected to grow by 30-40%. Loblolly pine is
used to produce pulpwood, plywood, and a wide range of other different products. Loblolly pine
makes up 12% of paper and 19% solid wood products globally (Oswalt 2012). To meet the
demand for wood products, companies and landowners grow loblolly pines commercially in
heavily managed plantations to achieve optimal growth. Organic soils have been of interest for
loblolly pine management since the 1970’s due to relatively high productivity potential with
artificial drainage (MacCarthy and Davey, 1976). In the United States, it is estimated that four
million ha exist in the southeast within the natural range of loblolly pine.

While research has shown that nitrogen (N) and phosphorous (P) are the two largest
growth limiting factors in loblolly pine (Carlson et al. 2013, Fox et al. 2007, Albaugh et al. 2018,
Albaugh et al. 1998), organic soils are high in N content and typically low in pH due to the high
organic matter content of at least 20-30% in the first 40 cm from the top (NCSS 2008). Loblolly
pine grows naturally in soil pH range is 4.5 to 6. Soil pH is closely tied to cation exchange
capacity and base saturation of the soil. In agriculture, Ca fertilizer such as lime is used to
increase the soil pH and add Ca as a nutrient (Thompson et al. 2011). MacCarthy and Davey
(1976) showed an increase of height with the addition of limestone and P. Kyle et al (2005)
showed an increase of volume growth with the addition of P+N and limestone.

Unfortunately, while overall productivity of loblolly pines on organic soil can be quite

high, a growth deformity known as stem sinuosity can be common (Espinoza et al. 2012). Stem
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sinuosity is defined as “any stem crookedness that occurs in the segment between two whorls”
(Campbell, 1965) resulting in slight to severe curvature affecting the stem quality (Espinoza et
al., 2012). Stem sinuosity effects many trees such as loblolly pine (Pinus taeda), and many other
tree species such as radiata pine (Pinus radiata) and douglas fir (Pseudotsuga menziesii). It is not
precisely known what causes stem sinuosity in trees, but could connected to a nutritional
imbalance, genetic predisposition, previous land use, or a combination of the three (Spicer et al.
2000 and Hopmans et al., 1995). In radiata pine, the syndrome has been associated with previous
land use and high-N levels (Hopmans et al., 1995). In 1991, Birk found stem deformities
correlated with foliar manganese (Mn), aluminum (Al), and calcium (Ca) in radiata pine.
Espinoza et al (2012) found N increased stem sinuosity in loblolly pine, whereas Ca decreased
sinuous stems. Jones and Fox (2012) found a growth related response in juvenile loblolly pines,
where less sinuous trees had smaller diameter breast height (DBH) than trees that were more
sinuous.

Ca is an essential nutrient that is responsible for the structure of cell walls and
membranes (White and Broadley 2003), thus Ca is vital in wood formation. Ca has a great ability
to form inter- and intra- molecular co-ordination complexes to link and modify structures within
plants (Clarkson 1984). A tree experiencing Ca deficiencies may show disintegrated cell walls
leading to the collapse of petioles and upper parts of the stem (Marschner 1995). Previous studies
have pointed to nutrient deficiencies within loblolly pine, such as copper (Cu) and calcium (Ca)
(South et al. 2004, Kyle et al 2005, MacCarthy and Davey 1976).

In this study, we examine the impact of a calcium carbonate fertilizer on the relative
growth and form of loblolly pine on organic soils. Our objectives are to evaluate i) growth

response and stem form due to source and rate of Ca fertilizer, ii) genetic interactions with
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source and rate of Ca fertilizer application, and iii) how application rate and source affect soil
nutrients and foliar nutrition (field) and soil pH (field and lab) over time. We hypothesize that 1)
Calciprill and dolomitic limestone will have comparable influences on tree growth and stem
form, 2) application rates increase, growth response will increase and stem form quality will
improve, 3) some genetics will have greater improvements in stem form than others with the
application of calcium, and 4) increased rates will increase soil and foliar Ca content and raise

soil pH, making other soil nutrients more available.

Methods and Materials
Study Sites

For this project, two study sites were established in 2018. One site was located in
Hofmann Forest in Jones County, North Carolina (Hof2018) and the other in Brunswick County,
North Carolina (Brun2018; Figure 2.1). Soils are the same series: Croatan (loamy, siliceous,
dysic, thermic Terric Haplosaprists). Details of site code, establishment age, establishment year,
and location in Table 2.1. Three additional sites were established between 2019 and 2021 but

have not yet matured for measurements (for details see Appendix A).
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Figure 2.1. Map of southeastern North Carolina with study site locations

Table 2.1. Site code, site name, establishment date, location, and pretreatment soil pH, Ca, P and
0.5 years since treatment (YST) N.

Site Site Age Location YSTO YSTO YST YSTO
Code Name at Est SoilpH Cain 0.5 P in soil
(yrs) soil N in (ppm)
(ppm) soil
(%)
99400 | Hof2018 Feb 1 Jones 3.77 117 0.94 23.98
1 2018 County,
NC
99400 | Brun201 Fed 1 Brunswick | 3.37 191 1.09 9.77
2 8 2018 County,
NC
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Experimental Design

Study sites Hof2018 and Brun2018 are arranged in a split plot design with three
replicates at each site blocked by initial tree height and root collar diameter measurements.
Treatment plots are comprised of 108 trees (9 rows of 12 trees). Measurement plots are centered
in the treatment plot and comprise 30 trees (5 rows of 6 trees). Measurement plot size is 0.03 ha.
Each site study area is 1.3 ha. All treatments had complete weed control, a combination of
chemical site preparation and herbaceous weed control with directed sprays of sulfometuron
methyl and glyphosate, and all trees received fipronil for pine tip moth control. All treatments
received 10 kg ha elemental phosphorous (P) as 2 oz. triple super phosphate (20% elemental P)
per tree.

Tree height and bed height measurements were taken prior to treatment assignment.
Height was measured with a meter stick from base of tree to top of tree. Bed height was taken
with two meter sticks, one with a level attached in the center. The meter stick with level attached
was placed a base of tree horizontally and the second meter stick was positioned vertically at
base of tree bed so that the two yardsticks intersected each other (Appendix A). Measurements
were taken when the first meter stick was level. Measurements were taken for every tree in the
measurement plot and used to help assign blocking for fertilization treatments.

At both Hof2018 and Brun2018 sites (Figures 2.2 & 2.3, respectively), there were four
treatments consisting of a control (no Ca), 400 kg ha™* Ca as Calciprill, 800 kg ha* Ca as
Calciprill, and 800 kg ha™* Ca as Dolomitic Lime (see Table 2 for all site treatments) that served
as the whole plot treatment. Split plots within each treatment at sites Hof2018 and Brun2018
consisted of five genetics per plot with one row each: AGM-22, AGM-37, AG-783, AG-373, and

AG-786. Additional sites established to continue and expand the study were installed in 2020
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and 2021. Details on experimental design can be found in Appendix B.

~= = Legend
B | Jokghaca
[ 400 kg ha Ca as Calcipril

&[] 800 kg ha Ca as Calcipril
800 kg ha Ca as Dolomitic Limestone

Figure 2.2. Site Hof2018 map with treatment plots and corresponding treatment descriptions.
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Legend
[ lokghaca
[] 400 kg ha ca as calcipril

[ 800 kg ha ca as catcipril
800 kg ha Ca as Dolomitic limestone

Figure 2.3. Site Brun2018 map with treatment plots and corresponding treatment descriptions.
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Tree Measurements

Measurements were conducted each year during the winter months between December —
February while trees are dormant. Height, diameter breast height (DBH), sweep, height to live
crown (HTLC) and sinuosity were taken for every tree in the measurement plots. Height was
measured with a height pole placed at base of tree and raised until pole is on a level with top of
tree. DBH taken a breast height (~1.2 meters) off ground with a DBH tape or calipers. Stem
straightness, or sweep, was measured as the maximum deflection (nearest 1 cm) from a 3 m pole
set against the vertical axis of the tree (Appendix C). A straight edge is held next to the tree and
moved up along the first log, until the 3 m pole reaches a height of approximately 5 m. The
maximum deflection measured in 1 cm increments. HTLC was measured with a meter stick at
base of tree; measurement taken at the first living branch on the stem. Sinuosity was taken as a
categorical stem straightness rating on a scale of 1-3 for the top third of tree stem. Rating of “1”
meant stem deemed straight. Rating of “2” meant stem was not straight. Rating of “3” meant

stem was “S” shaped (Figure 2.4).

2
1 3
Figure 2.4. Example of the tree-sinuosity ratings.
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Soil Sampling

Surface soil was sampled and composited from five locations in the interbed and five
locations in the bed in the measurement plot with a soil auger (6 cm diameter) at depth
increments 0-30 cm. Samples were air-dried and ground with soil grinder, then passed through a
2 mm sieve.

Soil samples were taken before fertilization with initial tree measurements. Soil sampling
also occurs six months and year one. Initial soil analyses and subsequent soil sampling include
extractable P, K, Ca, Mg (Mehlich 111 extraction), and pH (Appendix E). All soil analyses
completed by Waters Ag Lab.

Foliage Sampling

Foliage collection occurred at the time of tree measurements at year 0 and one-year post
fertilization. Samples were collected from five dominant trees in each measurement plot. Pine
needles were collected from the uppermost laterals in the upper third of the live crown. Each
sample comprised of 100 fascicles collected from the five sample trees. Foliage was cleaned of
contaminates and then oven dried. Samples analyzed by Waters Agricultural Lab for the ICP test,
which tests nitrogen, phosphorus, potassium, magnesium, calcium, sulfur, boron, zinc,
manganese, iron and copper (Appendix D).

Soil pH Incubation Experiment

Soil was collected with a clean spade in bulk from site Hof2020 in the spring of 2020
from the first 0-15 cm. In the laboratory, soil was placed into trays and air-dried until weight was
consistent. Air dried soil was ground and passed through a 2 mm sieve. Soil that did not pass

through a 2 mm sieve was discarded.
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The calcium sources for the incubation were highly reactive Ca as Calciprill (CaCOs3,
37% elemental Ca), and dolomitic lime (CaMg(CO3)2, 23% elemental Ca). Calciprill granules
were ground with a mortar and pestle to pass through a 2 mm sieve. Fragments that did not pass
through the sieve were discarded. Dolomitic lime was procured as a very fine powder and all
passed a 2 mm sieve.

Soil (150 g dry weight) was placed in 473 ml glass canning jars. Jars were topped with
the lids drilled with a 1 cm hole for gas exchanged. Jars were randomly assigned treatments and
number of days of incubation. Each treatment was replicated three times for each incubation
period. The incubation periods were 0, 1, 2, 4, 7, 14, 21, and 35 days. Appropriate amounts of
fertilizer were measured out for each treatment (Table 3) and mixed with soil based on jar

surface area.

Table 2.2 Soil pH lab incubation experiment. Treatment descriptions and total fertilizer used per
jar.

Treatment Description Total Fertilizer per Jar (g)
0 kg ha'Ca 0
400 kg ha* Ca as Calciprill 0.63
800 kg ha* Ca as Calciprill 1.25
800 kg ha Ca as Dolomitic Lime 2
1600 kg ha* Ca as Calciprill 25
3200 kg ha* Ca as Calciprill 5

Deionized Water was then added to each jar to bring the moisture content to 80-90% of

field capacity. Field capacity was determined gravimetrically for three samples by placing soil in
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a funnel lined with filter paper over a graduated cylinder. Equal amounts of water were poured
over each sample. Once water stopped dripping out of each sample, the amount of water
collected in each cylinder was recorded. To track water content, jars were weighed every 7 days
during incubation, and deionized water was added to keep soil moisture constant.

After incubation time, soil was removed from jar and oven dried at 40°C, then ground
with mortar and pestle to break up larger clumps of soil, then passed through a 2 mm sieve. Soil
was mixed in a 2:1 ratio with 0.01-mol L CacClz solution to minimize the effects of salt
concentrations that affect soil pH. Soil pH was determined by an Accumet Model-25 pH meter.
Statistics

Response variables for the field studies were cumulative height and DBH, sinuosity,
HTLC. All response variables shown are from 3 years after treatment. Soil pH, nutrient content
in soil, and nutrient content in foliage were analyzed at 0.5 and 1-year post treatment application
to assess changes post treatment. The fixed whole-plot effect in this study was treatment
(application rate and source of Ca fertilizer applied) with genetics nested within as the split plot.
Block was treated as a random effect. Site x treatment interactions were analyzed and where
significant, sites were analyzed separately.

The response variable for the incubation study was soil pH with Ca source and rate
treatments as fixed effects. Responses to treatments in the incubation experiment were analyzed
per time period. Alpha level was set at 0.05 for all significance tests. Differences among
treatments were tested using the Tukey’s separation of means on JMP version 15 (JMP, Version

15. SAS Institute Inc., Cary, NC, 1989-2021).
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Results
Mortality

Both sites were hit in the fall of 2018 by hurricane Michael. In 2018, mortality was
comparable between Hof2018 (4%) and Brun2018 (X%, Figure 2.6). After the hurricane,
Brun2018 has significantly more mortality with X% compared to Hof2018 (p<0.01). Hof2018,
initially after the hurricane did not see a significant amount of mortality, but as of 2021 the
mortality rate is significantly more than 2018 and 2019 (Figure 2.5) (p<0.01). In 2021, Hof2018
has a 4% mortality level. Brun2018 experienced an increase in the mortality rate up to 26% in

2021 (p<0.01).
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Figure 2.5. Hof2018 mortality by year. Year 2021 mortality is more significant
than years 2018 and 2019 (p=0.0099). Treatments that have similar letter, or
groups with no letters, are not significantly different at p = 0.05 significance
level.
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Figure 2.6. Brun2018 mortality by year. Years 2019, 2020 and 2021 mortality is more significant
than year 2018 (p<0.0001). Treatments that have similar letter, or groups with no letters, are not
significantly different at p = 0.05 significance level.

Tree Growth

At the Hof2018 and Brun2018 sites in years one and two since treatment, we found no
difference due to treatment, genetics, or interaction for height, DBH, or volume. In year 3,
heights showed different results due to treatment between study sites. Hof 2018 showed a
significant effect due to treatments (Figure 2.7), while Brun2018 showed no differences (Figure
2.8). At Hof2018, the 400 kg ha* Ca as Calciprill treatment heights were shorter than the other
treatments, which were all similar. Hof2018 showed a significant effect in interaction with
genetics and height (Figure 2.9). Genetic AG-783 with treatment 400 kg ha* Ca as Calciprill
being statistically shorter than trees of AGM-22 in treatment 800 kg ha* Ca as Calciprill and the

rest of the genetics fell in-between.
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Figure 2.7. Year 3 height data from Hof2018 by treatment (p <<=<<=0.0005).
Error bars represent standard error of the mean. Treatments that have similar
letter, or groups with no letters, are not significantly different at p = 0.05
significance level.
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Figure 2.8. Year 3 height data from Brun2018 by treatments (p = 0.357). Error
bars represent standard error of the mean.
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Figure 2.9. Year 3 height data from sites Hof2018 by genetics and treatment. Significant at p =
0.0003. Error bars represent standard error of the model. Treatments that have similar letter, or
groups with no letters, are not significantly different at p = 0.05 significance level.

Three years after treatment, DBH differed among treatments at site Hof2018 (Figure
2.10). The 800 kg ha* Ca as Calciprill was about 0.75 cm greater than the 0 kg ha Ca and 400
kg ha! Ca as Calciprill treatments, 800 kg ha™* Ca as Dolomitic Limestone was comparable to all
three treatments. Brun2018 showed no differences between treatments for DBH (Figure 2.11).
Hof2018 showed a significant effect in interaction with genetics and DBH (Figure 2.12). Genetic
AG-783 with treatment 400 kg ha'* Ca as Calciprill DBH being statistically smaller than DBH of
trees AGM-22 in treatment 800 kg ha* Ca as Calciprill and the rest of the genetics fell in-

between.
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Figure 2.10. Year 3 DBH data for sites Hof2018. Significant at p = 0.0033. Error bars represent
standard error of the model. Treatments that have similar letter, or groups with no letters, are not

significantly different at p = 0.05 significance level.
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Figure 2.11. Year 3 DBH data for sites Brun2018. Not significant at p = 0.6453. Error bars
represent standard error of the model.
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Figure 2.12. Year three DBH data from site Hof2018 by genotypes and treatments. Significant at
p = 0.0074. Error bars represent standard error of the model. Treatments that have similar letter,
or groups with no letters, are not significantly different at p = 0.05 significance level.
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Three years after treatment, volume differed among treatments at site Hof2018 (Figure
2.13). The 800 kg ha* Ca as Calciprill tree volume was greater than the 0 kg ha™* Ca and 400 kg
ha* Ca as Calciprill treatments but comparable to 800 kg ha* Ca as Dolomitic Limestone.
Treatment 800 kg ha™* Ca as Dolomitic Limestone was comparable to 0 kg ha* Ca, but not to
400 kg ha* Ca as Calciprill. Brun2018 showed no differences between treatments for volume
(Figure 2.14). Hof2018 showed a significant effect in interaction with genetics and volume
(Figure 2.15). Genetics AG-783 and AG-786 with treatment 400 kg ha™* Ca as Calciprill volumes
being statistically smaller than volume of trees AGM-22 in treatment 800 kg ha™* Ca as Calciprill

and the rest of the genetics fell in-between.
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Figure 2.13. Year 3 volume data for site Hof2018. Significant at p = 0.0004. Error bars represent
standard error of the model. Treatments that have similar letter, or groups with no letters, are not
significantly different at p = 0.05 significance level.
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Figure 2.15. Year three volume data from site Hof2018 by genotypes and treatments. Significant

at p = 0.0004. Error bars represent standard error of the model. Treatments that have similar
letter, or groups with no letters, are not significantly different at p = 0.05 significance level.
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Site Hof2018 had no significant differences between treatments for sinuosity (p = 0.343)
(Figure 2.14). At Brun2018, treatment 400 kg ha™* Ca as Calciprill trees were less sinuous than
treatments 0 kg ha® Ca trees and 800 kg ha* Ca as Dolomitic Limestone, with treatment 800 kg
hat Ca as Calciprill falling in-between (Figure 2.15). There were no significant differences
between the genetics and treatment concerning the sinousity rating at either site or together. At
both sites sinuosity ratings between different genetics were the same, with genotype AG-783
have more sinuous trees than genotypes AG-373, AGM-22 and AGM-37 (p < 0.0001) (Figure
2.16). Hof2018 had significant differences between treatments for HTLC measurement, where
treatment 800 kg ha* Ca as Calciprill had the least amount of HTLC (HTLC = 0.36) and 0 kg ha
1 Ca had the most amount of HTLC (HTLC = 0.44), with 400 kg ha* Ca as Calciprill and 800 kg
ha! Ca as Dolomitic Limestone treatments were comparable to both (p = 0.0365) (Figure 2.17).

There were no detectable differences in HTLC at Brun2018 (p = 0.02525) (Figure 2.18).
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Figure 2.16. Year 3 sinuosity data from Hof2018 by treatment descriptions. No significant
differences between treatments at p = 0.343. Error bars represent standard error of the model.
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Figure 2.17. Year 3 sinuosity data from Brun2018 by treatment descriptions. Different letters are
significant at p = 0.0042. Error bars represent standard error of the model.
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Figure 2.18. Year 3 sinousity data from sites Hof2018 and Brun2018 by genotype. Different
letters are significant at p < 0.001. Error bars represent standard error of the model.



0.5
0.45 2 AB
0.4 B
0.35
(_|) 0.3
E 0.25
0.2
0.15
0.1
0.05
0
0 kg hat 400 kg hat 800 kg hat 800 kg ha!
Ca Caas Caas Caas
Calciprill Calciprill Dolomitic
Treatments Limestone

Figure 2.19. Year 3 HTLC data from Hof2018 by treatment descriptions. Different letters are
significant at p = 0.0365. Error bars represent standard error of the model.
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Figure 2.20. Year 3 HTLC data from Brun2018 by treatment descriptions. No significant
differences at p = 0.2525. Error bars represent standard error of the model.
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Field Nutrient Data

Soil pH before fertilization was at the two sites were significant different from each
other. Hof2018 before treatment soil pH was 3.75. Hof2018 year one treatment soil pH were not
significant different from one another (p=0.3433), but year one soil pH was significantly higher
than before treatment as a whole (p=0.0031) (Figure 2.19). Brun2018 before treatment soil pH
was 3.4. Hof2018 year one treatment soil pH were not significant different from one another
(p=0.0504), but year one soil pH was significantly higher than before treatment as a whole

(p<0.0001) (Figure 2.20).
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Figure 2.21. Hof2018Year 0 and 1 since treatment soil pH data by treatment description. Year 1
soil pH significantly higher than year 0 at p = 0.0027. Treatments within each period were not
statistically different from one another at p =0.3433. Error bars represent standard error of the
model.
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Figure 2.22. Brun2018 Year 0 and 1 since treatment soil pH data by treatment description. All
treatments and YST analyzed together. Treatments with different letters are statistically different
at p = 0.0187 and those with similar letters are not different at p =0.05. Error bars represent
standard error of the model.

Calcium content in the soil was significantly increased 6 months and one-year post
fertilization from where calcium content was initially before fertilization happened at Hof2018
(figure 2.21) and Brun2018 (Figure 2.22). There was no significant differences between
treatments at individual sampling periods. Calcium content in foliage at Hof2018 was increased
one year after fertilization (Figure 2.23), while Brun2018 saw a decrease in calcium content in
foliage one year after fertilization (Figure 2.24). Within individual treatments, Mg content was
increased in the foliage between years 0 and 1 in treatments 0 kg ha* Ca and 800 kg ha* Ca as
Calciprill (Appendix D). Ca content in the soil was increased at time stamps 0.5 and one-year,
from where it was before fertilization at year 0 within all individual treatments. No differences
could be detected between time stamps 0.5 and one-year for any of the treatments. Treatments 0

kg ha* Ca and 800 kg ha* Ca Calciprill had an increase in boron content between years 0 and 1.



Treatment 800 kg ha™* Ca as Calciprill also had an increase of zinc in the soil in year 1

(Appendix E).
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Figure 2.23. Calcium content of soil before treatment, six months after treatment, and one year
after treatment from sites Hof2018. Error bars represent standard error of the model. Time
stamps compared against each other and statistically significant at p < 0.0001.
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Figure 2.24. Calcium content of soil before treatment, six months after treatment, and one year
after treatment from sites Brun2018. Error bars represent standard error of the model. Time
stamps compared against each other and statistically significant at p < 0.0001.
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Figure 2.25. Calcium content in foliage before treatment and one year after treatment from site
Hof2018 by treatment and YST. Error bars represent standard error of the model. Year 0 and
Year 1 differences are significant at p<0.0001.
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Figure 2.26. Calcium content in foliage before treatment and one year after treatment from site
Brun2018 by treatment and YST. Error bars represent standard error of the model. Year 0 and
Year 1 differences are significant at p=0.0013.
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Soil pH Incubation Experiment

Pretreatment pH was 2.61 with the use of CaCl,. The soil pH incubation showed
differences in treatments after each incubation period (p < 0.0001; Figure 2.25). On day 0
(immediately after treatment), all treatments were statistically different from one another. On day
1, treatments 0 kg ha™* Ca (pH = 2.57) and 400 kg ha™* Ca as Calciprill (pH =2.61) were similar in
pH. The 800 kg ha'* Ca a Calciprill pH was 2.86. The 800 kg ha* Ca as Dolomitic Limestone
(pH = 3.06) and 1600 kg ha™* Ca as Calciprill (pH = 3.14) were also similar. Finishing out day 1,
3200 kg ha* Ca as Calciprill pH was 3.91. On day 2, no difference detected between treatments
0 kg ha! Ca and 400 kg ha Ca as Calciprill. Throughout the rest of the incubation periods, pH
maintained the same relative differences with higher levels of application increasing soil pH. The
800 kg ha* Ca as Dolomitic Limestone treatment consistently remained above the 800 kg ha* Ca

as Calciprill treatment.
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Discussion
Mortality

In October 2018, one growing season after treatments had been applied at both study
sites, Hurricane Michael laid 90% of treatment trees horizontally on the ground (Figure 2.26).
Trees were propped up with stakes and twine, the effort by the rescue crew saved both sites with
only a 13% mortality rate between the two sites.

While mortality rate was low, trees likely suffered a setback in growth due to hurricane
damage most likely from severing of roots at the base and from flooding. This damage likely
delayed treatment separation. Even with efforts to prop trees back to vertical, some trees at
Brun2018 are growing with a severe lean. Damaged stems have been shown to have stunted
diameter growth compared to undamaged stems for up to six years post-hurricane (Tanner et al.
2014). This could explain why we are seeing greater growth at Hof2018 over Brun2018, even

though they are same age, because Brun2018 experienced more damaged than Hof2018.

Figure 2.28. Aftermath of Hurricane Michael, October 2018,
at Brun2018.
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Tree mortality has continued to tick upward significantly at Hof2018, which is consistent
with the findings from Tanner et al. (2014) showing increased mortality in the first six years
following a hurricane. Brun2018 experienced its biggest gain of mortality the year directly after
the hurricane and has remained at the same level the following years. We think the amount of
mortality and damage at this site is masking treatment effect at this site. Additionally, flooding
and erosion may have moved some fertilizer off treatment plots.

Calciprill vs Dolomitic Limestone

Calciprill is pure calcium carbonate (CaCOs), whereas dolomitic limestone which 50%
CaCOsand 40% magnesium carbonate (Pagani and Mallarino, 2012). Calciprill that was used in
this study was pulverized very finely and then compressed into a small pellet (2-6 mm). The
dolomitic limestone used was a very fine loose powder. Calciprill was much easier to distribute
than the dolomitic limestone, which lingered in the air and difficult to work with. If sources give
similar responses, foresters could choose whichever is cheaper and meets their operational
objectives or constraints.

We have supported our hypothesis that there would be no differences in growth response
due to Ca sources at the same rate. No growth differences were detected between the 800 kg ha
Ca treatments in height, DBH, HTLC, or sinuosity rating. Results are similar to the result
reported by Pagani and Mallarino (2012), where there were no growth differences between their
three different Ca sources.

However, differences among genetics did occur within the same treatments. In treatment
800 kg ha-1 Ca as Calciprill, genetic AGM-22 trees were taller than those of AG-783. In
treatment 400 kg ha-1 Ca as Calciprill, genetic AGM-37 trees were taller and had greater DBH

than those of AG-783.
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Increasing Rates

Height, DBH, HTLC and sinuosity did not differ with increasing rates to 800 kg ha™* Ca
treatments over the control at Brun2018. At Hof2018, the 800 kg ha* Ca treatments did not
improve sinuosity over the 400 kg ha™* Ca treatment, and they were comparable to the control.
Fox and Jones (2012) found that stems with smaller DBH tended to be less sinuous, while larger
DBH stems were more sinuous.

As very little treatment differences were seen between the control and the highest rates of
application in height growth or stem form, we hypothesize hurricane damage may have
contributed to a lack of treatment response or rates may not have been high enough to elicit a
response. MacCarthy and Davey (1976) showed doubled tree growth compared to their control
from Ca fertilization on loblolly pines in organic soils at the Hofmann Forest but applied
approximately three times higher than our study with 2240 kg ha Ca as dolomitic limestone,
380 kg ha* Ca as calphos, and 2620 kg ha™* Ca as dolomitic limestone + calphos. Similar to our
study, the lower rate of only calphos showed growth responses and soil pH similar to their
control, leading us to hypothesize that our rates were not high enough to show a treatment
response.

MacCarthy and Davey (1976) started with a soil pH of 3.5 and raised it to 4.2 with their
dolomitic limestone treatment. Our starting pH at Hof2018 was 3.75, and our 800 kg ha* Ca as
dolomitic limestone treatment raised pH to 3.9, which was statistically similar to our year 0
control. Other studies have used lower or similar rates to those in this study (Espinoza et al.
(2012) used 168 kg ha* Ca as calcium sulfate and Kyle et al. (2005) used 518 kg ha* Ca as
dolomitic limestone) and found treatment effects of improved stem sinousity and height growth,

but those studies were not done on organic soil, which has a much larger buffering capacity. The
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soil pH at our study sites shifted from 3.75 to 3.9 at Hof2018 and 3.4 to 3.9 at Brun2018 (p =

0.0187). The pH at both sites is still below the generally accepted threshold for loblolly pine
growth. It may be that our initial treatment rates were too low to see a large treatment effects,
that hurricane damaged stems are still recovering, or that Ca is not a limiting nutrient in these
systems.

Laboratory Incubation and Field pH

The results from the laboratory incubation experiment showed that the 400 kg ha™* Ca as
Calciprill treatment raised soil pH over the control only very slightly and not on all days of the
incubation. In the field at Hof2018, all of the treatments soil pH from year one were similar to
one another. In the field at Brun2018, the soil pH after one-year post fertilization from the 400
kg ha! Ca as Calciprill treatment was similar to the control. In the incubation, the 800 kg ha* Ca
as Calciprill treatment was always higher than the 400 kg ha* treatment, but the effect on soil pH
in the field was not significant. We expected treatments under undisturbed laboratory conditions
to be more consistent and predictable than results from field conditions where weather and soil
disturbance can influence results, and our initial thoughts were supported that the 400 and 800 kg
ha! Ca rates may not have raised pH enough to have an effect on tree growth response. In the
field at Hof2018, all of the treatments soil pH from year one were similar to one another, proving
that these rates had too many hurdles out in the field to be effective.

While in the field we found no differences among the control, 800 kg ha* treatments
either as dolomitic lime or Calciprill one year after fertilization, we did detect differences in
these treatments in the laboratory incubation. This is due to differing amounts and types of CO3
contents in both products. Calciprill contains 56.6% COz3 (90.3% CaCO3 (36% Ca) 3.3% MgCOs

(1% Mgq)), whereas the amount of COs in the dolomitic lime used was 90.7% (57.7% CaCO3z and
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33% MgCOs). We originally hypothesized that the two sources at the same rate of Ca would be

similar, but the dolomitic lime raised pH more than the Calciprill. Dolomitic limestone is usually
less reactive than pure CaCOs. On the other hand, MgCO3z does have a higher acid neutralizing
potential over CaCOz (Pagani and Mallarino 2012, Adams 1984, Stevens and Blanchar 1992).
Jones and Mallarino (2017) found that the more surface area per unit weight a Ca fertilizer has,
the quicker it can dissolve and neutralize soil acidity. Calciprill has a higher surface area than the
dolomitic limestone used in this study, but in the lab it raised the pH more than its counterpart
Calciprill treatment.

We found it took applying the equivalent of 3200 kg ha* Ca to raised soil pH 1.5 units to
reach a pH of 4, or within 0.5 units of the optimum pH range for loblolly pine. MacCarthy and
Davey (1976) found that their application of 2240 kg ha™* Ca as dolomitic limestone treatment
only raised soil pH 0.7 units. It is possible their source of dolomitic lime was less chemically
reactive.
Study Limitations and Future Directions

Several limitations arose during the installment and maintenance including a

hurricane and Covid-19 delays. While this research study has two sites matured to three years
since treatment, this project is still currently underway and we expect continuing informative
results. New sites have been established to address the questions raised in the initial two field
studies that include higher rates of application and variations in weed control and establishment
P.
Conclusion

Initial results after three years indicate separation of treatment effects on DBH, volume,

and stem form, and some interactions with genetics on growth response. While we now know
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that the original treatments were not sufficient to raise soil pH to desirable levels for loblolly

pine, new study sites with higher application rates should help elucidate any potential rate
responses and help us have a better understanding of the impacts Ca fertilization has on acidic

organic soil and on the growth and stem form of loblolly pine.
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APPENDICES
Appendix A — Bed Height Measurement
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Appendix B — Additional Site Installments

The Hofmann site established in 2020 (Hof2020, Figure B1) received higher rates of
application than the 2018 trials consisting of a control (no Ca), 800 kg ha™* Ca as Calciprill, 1600
kg ha! Ca as Calciprill, 3200 kg ha* Ca as Calciprill, and 0 kg ha* Ca with operational weed
control (whereas all other treatments receive complete weed control). At the Hofmann site

established in 2021 (Hof2021, Figure B2) treatments are the same as Hof2020 with an additional

treatment of 0 kg ha* Ca and 0 kg ha P to test the relative effect of P additions.
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Table B1. Study sites and treatments used at each site with treatment descriptions.

oo (0

X

0 kg ha* Ca

400 kg ha* Ca as Calciprill

800 kg ha* Ca as Calciprill

XX XX

800 kg ha Ca as Dolomitic Limestone

1600 kg ha* as Calciprill

3200 kg ha* as Calciprill

X XX

X| XX

0 kg ha Ca with operational weed
control

Okgha'CaandOkgha'P

3200 kg ha™ Ca as Dolomitic Limestone

6400 kg ha Ca as Dolomitic Limestone

X| XX

12800 kg ha™ Ca as Dolomitic
Limestone




Hof2020 Map

Legend
[_10kg ha Ca (400)

[C_1800 kg ha Ca as Calciprill (402)

D 1600 kg ha Ca as Calciprill (404)

D 3200 kg ha Ca as Calciprill (405)

[ 1 0kg ha Ca + Operational Weed Control (406)

Figure B1. Map of Hof2020 with treatments labeled with treatment descriptions and codes.
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Hof2021 Map

Legend

[ ]10kg ha Ca (400)

[1800 kg ha Ca as Calciprill (402)
[_11600 kg ha Ca as Calciprill (404)

[13200 kg ha Ca as Calciprill (405)
[ 10kg ha Ca + Operational Weed Control (406)

Figure B2. Map of Hof2021 with treatments labeled with treatment descriptions and codes.
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In 2020, an additional set of “mini” plots at Hofmann Forest (Hofmini, Figure B3)
consisted of five replicates of five treatments with a treatment plot size of three trees (0.0009 ha)

in a planting row and one middle tree (tree #2) as measurement tree (Figure B4). The total study

area is 0.0225 ha.

Hofmini Map

Legend
® 0kg haCa (400)
@® 3200 kg ha Ca as Calciprill (405)
@® 3200 kg ha Ca as Dolomitic Limestone (407)
@® 6400 kg ha Ca as Dolomitic Limestone (408)
12800 kg ha Ca as Dolomitic Limestone (409)

Figure B3. Map of Hofmini with treatments labeled with treatment descriptions and codes.



s £ ) M i

Figure B4. Photo reference of a mini plot.
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Appendix C — Sweep

For trees greater than 5 m tall:

Stem straightness will be measured as the maximum deflection (nearest 1 cm) from a meter stick
set against the vertical axis of the tree. A straight edge is held next to the tree and moved up
along the first long, until the meter stick reaches a height of approximately 5 m. The maximum
deflection should be measured in 1 cm increments.

For trees less than 5 m tall:

Stem straightness will be measured as the maximum deflection (nearest 1 cm) from a meter stick
set against the vertical axis of the tree up to the height of the tree.

Method based on: Williams 1989

5m | 5m
Vertical axis —» Vertical —»
of tree axis of tree
Maximum 4 Maximum Lo
deflection deflection
3mlong /W 3mlong e
pole held pole held
along vertical along vertical
axis of tree axis of tree
} Butt swell {
Straight tree Bent tree

Figure C1. Sweep measurement diagram.
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Appendix D — Foliage Nutrient Data

Table D1a. Hof2018 nutrient content data of foliage before fertilization and one year post
fertilization by treatment. Statistical significance between year 0 and year 1 separated with letters
within individual treatments. No statistical differences between different treatments compared
against each other at year 0 or year 1 at p = 0.05

Treatment Ca P K Mg Mn ) B Zn Cu Fe
. 01 01 06 00 14045 01 138 396 1.1 42.39
0 kg ha' Ca 9 6 3 7 2 5 9 6
02 01 06 00 246.62 0.1 155 40.0
9 6 1 9 a 2 1 7 1.2 46.98
400 kg ha'' Ca as . 02 01 06 00 0.1 140 415 0.8
Calciprill 2 5 2 7 144.6 2 8 5 9 59.9
03 01 06 0.0 01 146 400 1.0
4 5 2 9 237.9 2 2 7 7 37.9
800 kg ha' Ca as . 0.1 0.0 0.1 136 36.0 1.0
Calciprill 0.2 6 0.6 7 144.39 2 2 1 4 42.01
02 01 05 00 25024 01 147 393 1.2
9 5 8 8 a 2 9 1 9 47.34
800 kg ha* Ca as
Dolomitic . 02 01 06 0.0 01 144 408 1.0
Limestone 2 5 3 7 147.5 2 3 6 4 55.34
03 01 06 0.0 01 144 390 1.0

6 5 1 9 244.8 2 9 1 4 55.02



Table D1b Nutrient content data of foliage p-values relating to Table 2.3a.
Hof2018  p-value

(yst x

treatment)
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Table D2a. Brun2018 nutrient content data of foliage before fertilization and one year post
fertilization by treatment. Statistical significance between year 0 and year 1 separated with letters
within individual treatments. No statistical differences between different treatments compared
against each other at year 0 or year 1 at p = 0.05.

Treatment [\ Ca P K Mg Mn ) B Zn Cu Fe
O kgha'Ca

141 031 014 059 012 1412 0.11 1592 3338 807 30.12

133 024 014 059 0.12 31873 0.09 1237 27.13 2.2 21.03
400 kg ha Ca as
Calciprill 1.39 031 015 0.64 0.13 13927 0.11 17.12 36.59 6.37 21.29

144 0.23 0.13 056 0.11 316.63 0.08 11.33 2362 1.61 20.48
800 kg ha Ca as
Calciprill 141 026 0.14 057 0.12 14363 0.1 14.82 3268 3.23 2292

147 023 014 059 0.12 33763 0.09 1293 2394 193 21.38
800 kg ha* Ca as

Dolomitic

Limestone 14 029 014 057 012 143.07 0.1 1538 32.68 5.31 2511

138 0.22 013 059 012 33549 0.08 1294 2324 149 2191




Table D2b. Nutrient content data of foliage p-values relating to Table 2.4a.

Brun2018 p-value

(yst x

treatment)
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Appendix E — Soil Nutrient Data

Table Ela. Nutrient content data of soil before fertilization for Hof2018, 0.5 year, and one year
post fertilization by treatment. Statistical significance between year 0 and year 1 separated with
letters within individual treatments at p < 0.05. No statistical differences were detected among
treatments for any time period.

Treatment YST P K Ca Mg Mn S B Z Cu Fe
0 kg ha' Ca 0 22.33 20.67 136.67 215 13969 9.23b 0.13 043 0.1 328
42.08 24.92 216.75 47.67
37.08 26.08 1815 4442 1745 9.89ab 0.15 0.945 0.11 45.25
400 kg ha' Ca

as Calciprill 23.17 2483 10533 27.08 149.87 9.47ab 0.13 059 0.1 34.08
39.08 26 196.5 48.58
38.08 28.58 196 46.92 159.17 9.47ab 0.15 095 0.11 46.17
800 kg ha' Ca

as Calciprill 25.25 25 9758 23.75 145.14 10.6l1a 0.13 0.5 0.1 34.92
37.42 25.17 210.42 46.25
4192 26.08 240.33 43.67 16285 8.85b 0.14 0.93 0.11 41.42

800 kg ha' Ca

as Dolomitic

Limestone 25.17 24.75 130 255 15194 9.48ab 0.14 053 0.1 35.33
36 2297 198.58 42.08

40.25 2475 253.75 4325 15411 9.15b 014 079 014 445




Table E1b. Nutrient content data of soil p-values relating to Table 2.5a.

Hof2018

(YSTxTreatment)
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Table E2a. Nutrient content data of soil before fertilization for Brun2018, 0.5 year, and one year
post fertilization by treatment. Statistical significance between year 0 and year 1 separated with
letters within individual treatments at p < 0.05. No statistical differences were detected among
treatments for any time period.

Treatment P K Ca Mo Mn S B Zn Cu Fe
O kgha'Ca 8.83 38.17 206.17d 11758 175 5.87 0.14 0.79 0.1 6242
16.08 38.92 335.42abcd 144.75
8.33 34.33 245.5¢cd 134.5 2 494 0.16 0.89 0.11 66.58
400 kg ha Ca as

Calciprill 1408 315 185.5d 1315 267 6.19 0.15 0.82 0.15 75.67
2058 31.75 309.17bcd 135.42
1758 29.33 327.67abcd 120.08 1.58 553 0.19 091 0.11 83.58
800 kg ha' Ca as

Calciprill 7.17 425 199.33d 1145 183 561 0.14 084 0.1 56.58
11.08 42.25 428.75ab 143
8.17 32.33 400.08abc 123.75 25 494 0.18 115 0.17 68.58

800 kg ha' Ca as

Dolomitic

Limestone 9 36.08 174.92d 114.08 2.17 578 014 086 0.11 61.83
8.33 37.08 500.33a 148.58
7.58 3292 353.08abcd 122.08 2.25 519 0.18 1.09 0.18 68.75




Table E2b. Nutrient content data of soil p-values relating to Table 2.5a.

Brun2018 P-value

(YSTxTreatment)
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